The thermodynamic response functions of water display anomalous behaviors. We study these anomalous behaviors in bulk and confined water. We use nuclear magnetic resonance (NMR) to examine the configurational specific heat and the transport parameters in both the thermal stable and the metastable supercooled phases. The data we obtain suggest that there is a behavior common to both phases: that the dynamics of water exhibit two singular temperatures belonging to the supercooled and the stable phase, respectively. One is the dynamic fragile-to-strong crossover temperature (T L 225 K). The second, T * ∼ 315 ± 5 K, is a special locus of the isothermal compressibility K T (T, P) and the thermal expansion coefficient α P (T, P) in the P-T plane. In the case of water confined inside a protein, we observe that these two temperatures mark, respectively, the onset of protein flexibility from its low temperature glass state (T L ) and the onset of the unfolding process (T * ).
I. INTRODUCTION
Expanding our understanding of water remains a topic of central interest in science and technology.
1 Water is ubiquitous throughout the universe and is fundamental in all biological processes. From the point of view of physical chemistry, it is a system that displays a complex thermodynamic behavior with many anomalies. The best known of these is its density maximum at 277 K. Other anomalous behaviors include such thermal response functions as its isothermal compressibility K T , its isobaric heat capacity C P , and its thermal expansion coefficient α P . Structurally, it appears to be polymorphic in all of its phases: solid, glass, and liquid. Many studies of liquid water focus on its "diverging critical-like behavior" and understand it to be a function of its thermodynamic parameters. This is the same model as that proposed for supercooled glassforming materials. The rationale behind the use of this model is straightforward: when the thermodynamic functions of liquid water are extrapolated from their values in the metastable supercooled phase (located between the homogeneous nucleation temperature T H = 231 K and the melting temperature T M = 273 K), they appear to diverge at a singular temperature (T S 228 K at atmospheric pressure). 2 Below this temperature water is in its glassy form. Immediately above the glass transition temperature T g , it becomes a highly viscous fluid and ultimately crystallizes at T X ≈ 150 K. The region between T X and T H is a "No-Man's Land" within which bulk liquid water cannot be studied experimentally.
Unlike ice, which has many different crystalline structures that are determined by thermodynamic variables, amorphous water below T g ≈ 130 K has two phases. These are characterized by differing densities: low-density amorphous (LDA) and high-density amorphous (HDA) forms that can be switched back and forth by tuning the pressure. 3 Recently it has been suggested, theoretically and experimentally, that liquid water may also be a mixture of two liquids, low-density liquid (LDL), and high-density liquid (HDL), with an altered local structure that is a continuation of the LDA and HDA phases. [4] [5] [6] [7] [8] [9] [10] This theoretical and experimental work has elicited a number of hypotheses. Among them are the "liquidliquid critical point (LLCP)" scenario, 4 the "singularity-free" scenario, 5 and the "stability limit" scenario, 6 all of which suggest that in the deeply supercooled single-component region of water there are two structurally distinct phases: a "lowdensity liquid (LDL)" and a "high density liquid (HDL)." Understanding these two phases is crucial if we are to understand the origin of the thermodynamic anomalies of water.
In addition to the above scenarios, it is commonly accepted that the hydrogen bond (HB) interactions among water molecules are key in understanding the anomalous behavior of water. Studies taking this approach assume the existence of (i) water "polymorphism" 11 and (ii) HB clustering, i.e., as T decreases, HBs begin to cluster and form an open tetrahedrally coordinated HB network.
1 These open local clusters have an ice-like density that is lower than the surrounding water.
Decreasing the T in the stable liquid phase causes the HB lifetime and cluster stability to increase. In principle, this altered local structure can continue through the No-Man's Land down to the amorphous phase region. Hence in HDL, which predominates at high temperatures, the local tetrahedrally coordinated HB structure is not fully developed, but in LDL the HB network appears. The water anomalies appear to be the effect of these two local forms of liquid.
One model proposed for water, the so-called liquid-liquid critical point hypothesis, assumes water polymorphism and a first-order transition that indicates a special locus, the Widom line, in the T-P phase diagram at which the water thermodynamic response functions are at their maximum values. 12 This line of correlation length maxima can affect water response functions and can also explain their anomalous behavior.
Unfortunately this line and the associated polymorphic transition is difficult to study as it lies well inside the NoMan's Land, although many of the proposed theoretical scenarios assume that metastable liquid water exists below T H . [4] [5] [6] [7] [8] Recently this hypothesis has been called into question by researchers using MD studies and finding that bulk water crystallization occurs more rapidly than the equilibration of LDL. 10, 13 The only way to test the properties of liquid water in the deeply supercooled state is to retard crystallization by confining the liquid within nanoporous structures so narrow that it cannot freeze, 14 confining it within its own ice phase, 15 or by using electrolytic solutions. 16, 17 In one sense we might consider confined water to be more essential than bulk water, i.e., the behavior of confined liquid water strongly impacts the biological functionality of all living species and the chemical-physical properties of natural and synthetic materials. Water is essential in the functioning of micro-and nano-structured systems, e.g., proteins, membranes, and the living processes of cells. Water is key in maintaining the structure, stability, dynamic behavior, and functionality of biological macromolecules. Examples include the reversible protein folding-unfolding process in which water mediates the collapse of the chain and the search for the native topology through a funneled energy landscape 18 and the protein "dynamic" transition that biomolecules undergo in the low-T regime. 19 At the lowest temperatures proteins exist in a glassy state, a solid-like structure without conformational flexibility. 20 There are thus many reasons why liquid water should not be treated as a solvent only, but rather as an integral and active component of biomolecular systems, i.e., it is itself a "biomolecule" with fundamental dynamic and structural roles. 21 These bio-systems also suggest that hydrogen bond (HB) interactions between water molecules (and within biomaterials) are key to understanding their properties and functioning. 22 Many experiments have been done on confined water in nanopores 14, 23, 24 and biological macromolecules [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] in the stable liquid phase and in the supercooled regime. Different experimental techniques have been used, e.g., light and neutron scattering, dielectric relaxation, nuclear magnetic resonance (NMR), Mössbauer, optical Kerr-effect, and electron spin resonance (ESR) spectroscopy. 40 Some of these studies clearly show, at ambient pressure, that when T is decreased to a certain point the water HB lifetime increases by approximately six orders of magnitude, indicating the Widom line is crossed at T L 225 K where a fragile-to-strong dynamic crossover occurs, 12, 14 the Stokes-Einstein relation is violated, 23, 41 and LDL local structure predominates over HDL. 14, 24 Note that a fragile-to-strong dynamic crossover was initially predicted for bulk water at T L 225 K. 42 Previous results have also been confirmed for such "open confinements" of water as water in methanol, 43 water in ice, 15 and water in a solution of eutectic LiCl. 17 In the latter two cases water is localized in nano-pools containing enough molecules that the water can be treated as though it were in bulk form. Thus "open confinements" and aqueous LiCl solution scenarios have been considered suitable models for bulk water.
Note that all the problems regarding the chemistry and physics of both bulk and confined water are strongly debated, in many cases with diverse interpretations of MD simulation studies and of experimental results. In MD simulations, the results are dependent on the model and the water potential used, 9 and in experiments the results depend on instrumental sensitivity. One example is the fragile-to-strong dynamic crossover that is accompanied by the violation of the StokesEinstein (SE) relation with a fractional behavior, where a decoupling between the translational and the rotational diffusion (for T < T L ) takes place. 44 In the high T-regime, as evidenced by the SE, the translational diffusion, D s , tracks the inverse of the shear viscosity (η −1 ). Whereas for T < T L , D s declines far less rapidly by decreasing T as D s ∼ η −ξ , with ξ 0.75, D Rot (the rotational correlation time) remains proportional to the inverse of the shear viscosity down to T g . For this reason any experimental technique that only takes rotational motion into account may be not fully sensitive to the dynamic crossover.
The dynamic crossover temperature T L , like the glass transition temperature T g , is relevant and important when examining many materials in the liquid supercooled phase 45, 46 and hence is also important when studying water. It can be used as a reference point for hydrated systems when examining how solvency influences the properties of complex supramolecular systems with a mesoscopic structure. It has been suggested, for example, that the agreement in crossover temperature with the temperature predicted for neat water means that the crossover in water drives protein dynamics. However, protein hydration water, like water in mesosystems (polymers, gels, polyelectrolytes, cells), is in a heterogeneous environment made of hydrophobic, hydrophilic, and charged groups in which the behavior of water is expected to be strongly modified. This question continues to be strongly debated.
Complex materials such as water are characterized by rich phase diagrams. To study them we must focus on all the variables, i.e., pressure, concentration, and interactions all strongly influence their thermodynamic properties. An analysis of the P-T behavior of water density reveals that the maximum dominating the thermodynamics of the system under ambient conditions, is strongly P-dependent, and disappears at a crossover pressure P cross ∼ 1.8 kbar. In addition, the isothermal compressibility K T (T, P) shows a minimum at T * ∼ 315 ± 5 K for all the pressures in the range 1 < P < 9 × 10 3 bar, whereas the coefficient of thermal expansion α P (T, P) has a surprising behavior: all the α P (T) curves measured at different P cross at T * . 47 The experimental data 6, [48] [49] [50] [51] [52] [53] [54] [55] show a "singular and universal expansivity point" at T * ∼ 315 K 
represents the entropy and volume cross-correlations δSδV being
We thus note that T * represents a basic property of liquid bulk water. Furthermore, when we consider a thermodynamic transport parameter such as the bulk water self-diffusion coefficient D S (T, P), measured for different pressures (1 < P < 10 4 bar) in the range 252 < T < 400 K, we see that T * ∼ 315 K marks the crossover between two different physical realities: below T * , D S (P) has a maximum that for T = 252 K is located at ≈1600 bar, and that, as T increases, D S (P) evolves at the lowest P and disappears near T * . When T > T * , the D S (P) behavior becomes regular. An Arrhenius plot, (ln D S vs. 1/T), of D S at constant P also reveals that T * marks two different regions: 47 when T > T * the thermal behavior of the self-diffusion coefficient is simply Arrhenius (D S = Aexp (E/k B T)), but in the range from T * to the supercooled regime the self-diffusion behavior is super-Arrhenius. The Arrhenius activation energy (T > T * ) obtained from the data fitting is E = 15.2 ± 0.5 kJ/mol, i.e., the HB energy value, which fully supports the primary role of HBs in the properties of water.
Hence T * marks a transition from an high-T region characterized by a water molecular dynamic with only one energy scale (the Arrhenius energy) to another dynamic typical of supercooled glass-forming liquid systems in which the intermolecular interactions (correlations in the time and length scale, i.e., dynamic clustering) increase as T decreases, causing the formation of the HB tetrahedral network. Glassforming liquids in the supercooled regime, like complex materials, are dominated by the interaction processes originating in the disordered and finite correlation regions (finite polydisperse dynamic clustering) that the transport parameters (relaxation times, viscosity, and self-diffusion) reflect by means of a super-Arrhenius behavior or a multi-relaxation in the time evolution of the density-density correlation functions. Liquid state theory suggests the existence of a temperature marking a crossover from normal liquid behavior to supercooled behavior. 5, [56] [57] [58] Above that temperature the transport is Arrhenius and below it the correlations cause activation barriers to increase with a growing scale resulting in a super-Arrhenius behavior, i.e., a change in the explored configuration space. 5, 56, 58, 59 This behavior dominates the liquid approaching dynamic arrest by means of local potential minima in its energy landscape. 5, 60, 61 A liquid under normal conditions experiences local dynamics in the interaction basins surrounding the minima and rearranges itself via intrabasin motions and relatively infrequent interbasin jumps. As the temperature decreases and approaches the glass transition, as in the clustering process that dominates complex material dynamics, jump dynamics become more dominant than intrabasin dynamics and, in addition, the molecular interactions impose a leveling of the energy barriers. At this point, the dynamic behavior switches from super-Arrhenius to pure-Arrhenius, giving rise to the dynamic crossover that characterizes glass-forming liquids. 62 This scenario of the physical meaning of T * was confirmed by using the Adam-Gibbs approach to consider D S (1/D S ∼ exp (C/TS C )) and relating this transport coefficient to the configurational entropy, S C , and the NMR proton chemical shift δ (where both are an approximate measure of the local order sampled by the liquid water molecules in the configurational space). 59 Using S C and δ, we see that at T * the water local order indicates, as T decreases, the crossover from a normal liquid to an anomalous and complex liquid. 63 Being experimentally certain that T * plays a fundamental role in bulk liquid water thermodynamics and that T L is the temperature of primary interest when examining the arrest of water dynamics, we next explore whether these two temperatures can characterize confined water. 47, 63 This allows us to clarify similarities and differences between the properties of these two types of water. In many supercooled liquids, e.g., OTP (ortho-terphenyl), 61 T L has been observed experimentally in the bulk liquid phase on approaching the arrest temperature. 45, 46, 62, [64] [65] [66] T L is localized above T g (usually T L 1.2T g ) and represents the locus of the fragile-to-strong dynamic crossover (FSDC), the violation of the Stokes-Einstein, and the temperature at which the dynamic heterogeneities have their onset. Recently, T L has been recognized as important in understanding how systems approach DA, since a lot of exceptional processes disclose their properties at that temperature. 45, 64 Many studies predict that T L ≈ 225 K in liquid water. 12, 41, 42, 67, 68 In particular, using the Adam-Gibbs approach 59 it has been proposed that the fragile-to-strong transition in supercooled water occurs near 228 K "corresponding to a change in the liquid's structure at this point" 42 and to the dominance of LDL local structure over HDL. 14, 24, 41 In contrast, other studies 46, 64, 65, 69 propose a power law behavior in transport parameters, e.g., D S ∼ |T − T L | −γ , and obtain approximately the same crossover temperature. Unfortunately, T L cannot be observed in bulk water, although there are significant experimental signs of its existence. For example, the sound propagation and the marked viscoelastic behavior observed (a dependence on the experimental power spectrum S(Q, ω) on the wavevector Q and the frequency ω) is fully consistent with the possibility that bulk water behaves like confined water, which would indicate that T L ≈ 225 ± 5 K, assuming it could be supercooled to that temperature range. 70 
II. EXPERIMENTS
We consider experimental data of bulk and confined water on the surface of a protein (hydration or external water) and in nanotubes. These data are obtained using nuclear magnetic resonance (NMR) spectroscopy. In particular, we measure the self-diffusion (D s ), the proton spin-lattice (T 1 ) relaxation time, and the proton local order (proton chemical shift δ) to evaluate the configurational specific heat. 71 We use globular protein lysozyme hydrated with a single monolayer of water and silica nanotubes MCM-41. The protein sample is prepared according to a precise procedure. 31 The dried protein powder is hydrated isopiestically at 5
• C by exposing it to water vapor in a closed chamber until the wanted hydration level h = 0.3 and h = 0.32 is obtained (i.e., grams of H 2 O per grams of dry protein). In both systems, differential scanning calorimetry was used to test the absence of bulk-like water. The micelle-templated mesoporous silica matrix MCM-41-S, synthesized using the zeolite seeds method, are 1D cylindrical tubes arranged in a hexagonal structure. The pore size was determined using a nitrogen absorption-desorption technique. 14 We
K-370 K (with an accuracy of ±0.2 K) using a Bruker AVANCE NMR spectrometer operating at 700 MHz ( 1 H resonance frequency). The T-dependence of the chemical shift of methanol was used as a T standard. We study samples using cooling or heating cycles that produce the same spectra. We begin at 296 K and cool the samples in 5 K steps down to 200 K and then reverse the procedure, but keep the samples for several hours at T = 200 K before heating. We measure the self-diffusion coefficient D s using the pulsed gradient spin-echo technique ( 1 H-PGSE 72 ) and measure T 1 using the standard inversion recovery pulse sequence ([π − t − π /2 − acquisition], where t denotes the time between the two RF pulses. We measure the chemical shift δ using free-induction decay (FID).
Note that the NMR technique directly probes the local order around a single atom of a given material. Specifically, it measures the proton chemical shift δ that represents the effect of the interaction of water with its surroundings, and that it provides, in particular, a rigorous picture of the intermolecular geometry. 73 Hence δ represents the average number of HBs with which a water molecule is involved at a certain point in the P-T phase diagram, N HB . Note that δ is a linear response of the electronic structure of the system to an external magnetic field B 0 as B(j) = (1 − δ j )B 0 , where j is an index that identifies the chemical environment. 74, 75 In particular, δ is related to the magnetic shielding tensor σ which in turn is related to the local field experienced by the magnetic moment of the observed nucleus and is strongly dependent on the local electronic environment. Hence the chemical shift is a useful probe of the local geometry and in particular of the hydrogen bond structure for water and aqueous systems and solutions. 76 Water in both the normal liquid and supercritical liquid regions exhibits a direct relationship between δ(T) and the average number of HBs, N HB , with which a water molecule is involved, i.e., δ(T) ∝ N HB . 73, 77 This is the precise experimental procedure by which we obtain δ. 71, 73 Because N HB is related to the number of possible configurations of the water molecules in the HB network, the system configurational entropy can be written as S c ≈ −k B ln N HB . Hence using NMR data we can evaluate the configurational specific heat C c P (T ) (C P = T(∂S/∂T) P ) as
III. RESULTS AND DISCUSSION
Using the proton local order to evaluate the configurational specific heat, as described above, we examine the obtained C c P (T ) data for confined water. S evidences important variations at the highlighted temperatures T * and T L . The red and blue dashed lines represent the data fitting with a power law for confined and bulk water, respectively. The straight line in the strong Arrhenius regime is the best fit of the data with an activation energy of 16.7 kJ/mol. the interval 245 < T < 373 K) 9, 78 and for water confined in the same silica nanotubes (MCM-41, d = 12 A, 120 < T < 300 K). 79 The C c P (T ) data obtained from δ(T) are adapted to the true calorimetric data in terms of a multiplicative factor. Note that all these data display an analogous thermal behavior and, within the error bars, there is good agreement between the different C P data. For comparison, the specific heat ice data are also reported (dashed line). By considering the two characteristic temperatures discussed above, T L and T * , we observe that they coincide with the temperatures of the C c P (T ) maximum and C P (T) minimum, respectively. Regarding T * , we stress that whereas −T(∂ ln ρ/∂T) P is directly related to the cross-correlation between the entropy and volume fluctuations δSδV , C P is proportional to the square of the entropy fluctuations δS 2 . Figure 2(b) shows the Arrhenius plot of the inverse of the measured self-diffusion coefficient (D −1 s ) of nanotubeconfined water (open red circles) and compares it with bulk water measured in the supercooled phase (filled dark blue circles) 80 and in the stable liquid phase (filled blue circles). 81 Note that although when T > T M , the D −1 s data of bulk and confined water are nearly coincident, when T < T M the situation is very different, especially when T decreases toward T L . In both bulk and confined water cases, the data can be fitted with the above proposed power law form (D
, obtaining T L 223 K and γ 1.96 for bulk water and T L 225 K and γ 2.19 for water confined in nanotubes. Only in the confined water case, however, it is possible to effectively observe how the dynamic crossover temperature affects water properties. The T * crossover is intriguing in that it allows us to explore the water properties that emerge from bulk water in the stable liquid phase. From the D −1 s data in the high temperature regime, T * represents a new dynamic crossover. Specifically, the water dynamics change when decreasing T causes a shift from Arrhenius to super Arrhenius behavior. Using the Adam-Gibbs approach 59 and connecting the configurational entropy and the transport parameters, we calculate S C at each T from the bulk water D −1 s data (filled dark blue circles). The results are reported in the inset of Fig. 2(b) . This clarifies the effect of T * , i.e., it represents the temperature at which the behavior of the local order of the system changes. Figure 3 shows the temperature behavior of the spinlattice relaxation time T 1 , which provides further information on the dynamics of confined water. It displays many data, in particular: bulk water data including data supplied by Ref. 81 (filled dark blue circles), data we collected (dark blue empty circles), data from MCM-41 nanotubes of diameter 14A (red circles), data from MCM-41 nanotubes of diameter 24A (dotted circles), data from a water-methanol solution at methanol molar fraction X = 0.04 (dark blue triangles), and data from a water-methanol solution at methanol molar fraction at X = 0.1 (blue triangles). Figure 3 also shows data from a NMR experiment in water at high pressure (2.25 kbar) at frequencies 255 MHz (dark red squares) and 362 MHz. 82 On looking at the figure it can be noticed that all these relaxation time data can, within the error bars, be superimposed. A care analysis of the T-behavior of these data can confirm, also taking into account previous studies on transport properties of bulk water, 81, 83 the role and the importance, in water dynamics, of T L and T * (reported in Figure 3 as dotted and straight lines, respectively). Although the data in the T 1 case are at high pressure, the suggestion of a fragile-to-strong dynamic crossover occurring at T L seems to be confirmed. Figure 3 also shows, in the high T-regime, data on bulk water viscosity η(T) 83 reported as Tη −1 (small filled red circles). Note that these data do not agree with the spin lattice T 1 data. Simpson T * . In fact, when T is increased a "major" deviation appears at ≈315 K (see Fig. 2(a) ), the location of the isobaric specific heat minimum.
When we examine the system water-protein lysozyme, including both internal and hydration water, 21 we find two temperatures of central importance. In one there is an onset of biological activity, in the other the biomaterial irreversibly denatures. As mentioned above, these temperatures correspond to the low-T protein "dynamic" transition 19 and the protein folding-unfolding process, respectively. 18 At the lowest temperatures proteins exist in a glassy state, a solid-like structure without conformational flexibility. 20 By increasing T, the protein atomic motional amplitude, measured by looking to the proton mean-squared displacement X 2 (MSD), increases linearly, as in a harmonic solid. In hydrated proteins X 2 suddenly increases at ∼220 K, signalling the onset of a liquid-like motion (nonharmonic and less rigid). 19, 26 The functions and the kinetics of biochemical reactions of many proteins slow sharply at a temperature, T C , in a universal interval 240-200 K. 25, 84 This transition appears to be solvent dependent and is suppressed in dry biomolecules. 26 The bioactivity of the proteins is dependent upon their level of hydration, h. For lysozyme, the hydration level h = 0.3 corresponds to a water monolayer covering the protein surface, and its enzymatic activity is very low up to a hydration level of 0.2. It then increases sharply for 0.2 < h < 0.5. 85 Water can influence both the biomolecular hydrophilic and hydrophobic side groups. The hydrophilicity is a force that governs the secondary structure and folding specificity in proteins, 86 but the properties of the biomolecule can also be affected by the protein methyl groups, which are a factor in the dynamic transition. Because the properties of the surface water (the first layer water network) are intimately connected to protein stability and function, hydrophilic interactions with peptide groups are the most important topic when studying biological systems. The approximate coincidence of T L (the water dynamic crossover) and T C (the onset of the protein biochemical activities) accompanied by the sharp rise in X 2 , has suggested that this "dynamic" transition in proteins can be triggered by their strong hydrogen bond coupling with the hydration water. 87 This behavior has been observed in several biomolecules including globular proteins. 88 This protein crossover has been studied by measuring the MSD (neutron experiments) and the transport parameters (NMR) and it has been related to the protein "softness" resulting from its conformational disorder. 26 A protein remains in the native state up to a given temperature and evolves, on increasing T, into a region characterized by a reversible unfolding-folding process. This latter phenomenon is dependent upon the chemical nature of the protein and the solvent. For water-lysozyme it occurs in the range 310 K < T < 360 K. The protein unfolding is characterized by a well defined broad peak in C P with a maximum at T D 346 K. 89 For T ≥ T D , lysozyme denatures irreversibly. The process rate constant varies as a function of T in accordance with an Arrhenius law. It has an activation energy that is typical of the HB strength and thus confirms the primary role of water in this transition. The dramatic change in the protein structure is driven by the HBs between the protein and its hydration water. 35 This latter quantity is strongly related to the chemical shift δ(T). Figure 4(a) shows the configurational specific heat data of the hydrated protein for h = 0.3 and h = 0.32 (as proposed for water in MCM, Fig. 2(a) ). Figure 4 (a) uses a double scale plot to show (−T∂ ln δ(T)/∂T) P for lysozyme hydration water (on the left) and the C P measured in the temperature region including the reversible unfolding-folding process (on the right). Note that (−T∂ ln δ(T)/∂T) displays two maxima, the first on crossing T L , as proposed by experiments and simulation studies on hydrated proteins, 31, 90 and the second nearly coincident with T D , associated with the protein denaturation process. The first maximum at ≈230 K is at the same temperature, within the error bars, as the confined water dynamic crossover. This confirms that both are due to the same structural change in water, and that the LDL phase dominates the properties of water at T L . 12, 14, 17, 23, 24, 41, 67, 68 Prefactors aside, the δ(T) derivative and the C P data support the physical idea that the observed behaviors originate in changes in the configurational entropy. Because δ(T) is related to the orientational local order and not the translational local order, we find that the contribution of the orientational disorder to entropy is dominant. This confirms the protein structural picture in the low temperature regime where the neutron scattering data on X 2 (MSD) indicate that there is a change in the protein "softness" and that our C c P data relate directly to the protein structural changes. This approach is confirmed by how the protein behaves when the temperature is increased toward the maximum and the protein unfolds or denatures (or the reverse during the folding process). In the first case, the protein behaves like a polyelectrolyte in a bad solvent that imposes an abrupt change in the structure, from compact, to swollen, and to an open structure dominated by large fluctuations. 91 Here the HB strength between water and the hydrophilic protein groups are dominated by the hydrophobic interaction for which water molecules prefer a more direct interaction rather than with the polyelectrolyte. This happens in a temperature regime around T * where the HB lifetime is reduced to a fraction of picoseconds. In contrast, around T L the HB lifetime is measured in microseconds and is five orders of magnitude larger. This behavior is reflected in the D −1 s data shown in Fig. 4(b) . When the temperature of water is decreased its solvency increases and, through its HB interactions, it is able to be the active component of biomolecular systems, determining their dynamic and structural properties. 21 It is well known that HBs govern the secondary structure in proteins and the specificity of folding. 86 At the same time, the role the HBs in water plays in protein folding, in protein-protein binding, and in molecular recognition constitutes the basis for the hydrated protein thermodynamic behavior, as heat capacity effects. 92 In short, water acts as a HB "glue" between the carbonylic and amidic groups of a protein. 93 All these statements confirm the validity and the reported data of the configurational specific C c P obtained from the proton local order in the water lysozyme system.
Note that all the observed behaviors are the effects of hydration and protein internal water. Figure 4 (b) confirms this with an Arrhenius plot of D −1 s (T ). Note also that the measured activation energies agree with the HB energies. We see the dynamic crossover at T L in water confined around the protein that appears to be universal, at least for confined water (we cannot verify this in bulk water). Figure 4 (b) also shows the self-diffusion data corresponding to bulk water (filled blue circles). Note that the thermal behavior of bulk and protein confined water is similar in the native phase, although there is a difference of approximately one order of magnitude in their corresponding values (the dynamic behavior of bulk water is faster than that of hydration water). We note that the T * temperature indicates two changes in both C c P and D −1 s . For the self-diffusion coefficient T * indicates that when T is increased there is a dynamic crossover; for the configurational specific heat it represents instead the locus at which C c P begins to increase toward the maximum. This is an important indicator of the onset of the unfolding process. A previous experiment has FIG. 5. The proton spin-lattice relaxation time for bulk (blue circles) and lysozyme water (internal, green circles, and hydration, red circles) in the thermal region of the folding/unfolding process. It is noteworthy that both these two last contributions show the first change at T * and that just above T D the lysozyme internal water contribution becomes negligible (inversion recovery data are fitted by a single exponential function) and the T 1 values of hydration water evolve toward those of bulk water on increasing temperature. This means that lysozyme residuals are essentially open and the internal (or crystallization) water becomes free as well as hydration water and resemble the bulk behavior. The straight line is a guide for eyes. demonstrated this by performing heating and cooling cycles in the same system and finding that the reversibility stops at T D . 35 We see another change for T > T D in which D −1 s (T ) evolves quickly toward the bulk water value. Figure 5 clarifies this by showing the behavior of the corresponding proton spin-lattice relaxation time T 1 , providing data on bulk water (filled dark blue circles), T * , and T D , which are characteristic of the unfolding/folding process. As mentioned above in Sec. II, the spin-lattice relaxation time is obtained by using a pulse sequence that gives the proton magnetization timedependent spectrum M(t). 76 In simple liquids, M(t) is usually characterized by a single exponential decay. In an actual case, protein water magnetization is characterized by two time contributions: one that is slow due to hydration water (T slow  1 ) and one that is fast due to the internal protein water (T f ast 1 ). 31, 94 Figure 5 shows both the slow contribution (filled red circles) and the fast contribution (filled green circles). In the native phase these two spin-lattice relaxations change slowly with T (with T fast 1 nearly constant), but above T * there is a rapid decrease in T fast 1 that terminates at approximately T D above which only one contribution (T slow 1 ) can be detected in M(t). For the region of the unfolding irreversibility T > T D , this remaining contribution is characterized by a marked slowing down toward the bulk water T 1 value, a behavior analogous to that observed in D −1 s . It is evident from these data that above the irreversible denaturation threshold there is no distinction between internal and hydration water: all water molecules can diffuse freely.
IV. CONCLUSIONS
Bulk water is characterized by two singular temperatures in the high temperature regime of the thermal stable liquid phase and in the low metastable supercooled region.
The first temperature, T * ∼ 315 ± 5 K, characterizes two basic thermodynamic response functions: (i) the isothermal compressibility K T (T, P) and (ii) the thermal expansion α P (T, P). T * , where the isothermal compressibility K T (T, P) shows a minimum for all the measured pressures (in the range 1 < P < 9 × 10 3 bar), is also a special locus of the thermal expansion α P (T, P). All the α P (T, P) curves measured at different P cross each other at T * , 47 indicating a universal expansivity point. For H 2 O, the coordinates of this point in the T − α plane are T * and α P (T * ) 0.44 × 10 −3 K −1 . In particular, both K T (T, P) and α P (T, P) display the anomalies that characterize the system in the supercooled metastable regime.
The second temperature, T L , is at the fragile-tostrong dynamic crossover, which much recent literature suggests is a general phenomenon characterizing properties of supercooled glass-forming liquids at dynamic arrest. 45, 46, 62, [64] [65] [66] Using theoretical considerations and MD computer simulations, 12, 41, 42 this crossover has been hypothesized to be ≈225 K for bulk water (it is experimentally observable only in confined water). Using NMR spectroscopy and taking these considerations into account, we have studied the dynamics of water confined in different environments and in its bulk phase across a large temperature range, one that covers a portion of the No-Man's Land and almost all the stable liquid phase (200 < T < 370 K). The data we obtain strongly support the hypothesis that these two temperatures play a central role in determining thermodynamic properties of both confined and bulk water, independent of the local environment. In the case of water confined on a protein, the experimental data strongly indicate that these two temperatures may define the biological functions of the protein.
